The phase transition of VO 2 from a monoclinic insulator to a rutile metal, which occurs thermally at T C = 340 K, can also be driven by strong photoexcitation. The ultrafast dynamics during this photoinduced phase transition (PIPT) have attracted great scientific attention for decades, as this approach promises to answer the question of whether the insulator-to-metal (IMT) transition is caused by electronic or crystallographic processes through disentanglement of the different contributions in the time domain. We review our recent results achieved by femtosecond time-resolved photoelectron, optical, and coherent phonon spectroscopy and discuss them within the framework of a selection of latest, complementary studies of the ultrafast PIPT in VO 2 . We show that the population change of electrons and holes caused by photoexcitation launches a highly non-equilibrium plasma phase characterized by enhanced screening due to quasi-free carriers and followed by two branches of non-equilibrium dynamics: (i) an instantaneous (within the time resolution) collapse of the insulating gap that precedes charge carrier relaxation and significant ionic motion and (ii) an instantaneous lattice potential symmetry change that represents the onset of the crystallographic phase transition through ionic motion on longer timescales. We discuss the interconnection between these two non-thermal pathways with particular focus on the meaning of the critical fluence of the PIPT in different types of experiments. Based on this, we conclude that the PIPT threshold identified in optical experiments is most probably determined by the excitation density required to drive the lattice potential change rather than the IMT. These considerations suggest that the IMT can be driven by weaker excitation, predicting a transiently metallic, monoclinic state of VO 2 that is not stabilized by the non-thermal structural transition and, thus, decays on ultrafast timescales.
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Introduction
Vanadium dioxide (VO 2 ) exhibits a thermally induced, first-order, reversible phase transition in crystallographic and electronic structure from an insulating-monoclinic to a metallic-rutile phase, both discovered more than 50 years ago by Westman and Morin [1, 2] . Among other reasons, VO 2 attracted significant scientific interest for many decades due to its transition temperature, which is only slightly above room temperature (T C 340 K). The transitions are, thus, experimentally easily accessible and qualify VO 2 for a manifold of applications. Another cause is the coincidence of the crystallographic phase transition (CPT) and the insulator-to-metal transition (IMT), which suggested a parental connection between the two. Not least the inability of both, theory and experiment, to unambiguously prove any suggested explanation of the underlying physical mechanisms provoked many scientists' curiousity.
The establishment of ultrafast lasers in the second half of the last century as powerful tools to perform timeresolved spectroscopy opened up a new path to shed light into the controversy of the phase transition in VO 2 when it was shown by Roach and Balberg [3] that the material exhibits a metal-like optical response after photoexcitation. The idea of the disentanglement of crystallographic and electronic contributions to the photoinduced phase transition (PIPT) of VO 2 in the time domain was developed: Electronic processes were suspected to occur faster than ionic motion.
This article reviews our recent work on the PIPT of VO 2 and relates it to selected, recent studies published on this matter. Without aiming at completeness, we attempt to draw a comprehensive picture of the dynamics launched when exciting vanadium dioxide optically. In this context, we show that sufficiently strong photoexcitation using 800 nm light leads to an instantaneous loss of the monoclinic potential symmetry and metallization of VO 2 (on screening timescales) before significant ionic motion sets in [4, 5] . In other words, we show that the lattice potential change (LPC) precedes the CPT, which is defined by the positions of the vanadium and oxygen atoms. The CPT occurs on later timescales [6] and its onset happens concurrently with hot carrier relaxation in the photoinduced-metallic band structure [5] that leads to distinct markers in the transient optical and THz response [7, 8] . We, furthermore, review the meaning of threshold fluences for the PIPTs in different time-resolved spectroscopic techniques and conclude that the frequently discussed critical excitation density extracted from optical data is most likely determined by the structural branch of the PIPT. Based on this, we propose the existence of a transiently metallic state of VO 2 in its monoclinic lattice arrangement that, if accessible at lower fluences, should exhibit a comparably short lifetime determined by carrier relaxation dynamics only, because it is not stabilized by the non-thermal structural transition dynamics. In this context, we also assess the question of whether the distinction between Mott and Peierls mechanisms is at all applicable in this system.
The phase transition(s) in VO 2 under equilibrium conditions
The lattice structures of VO 2 for temperatures below and above T C are displayed in Fig. 1 , based on structural data from X-ray diffraction experiments [9, 10] . The right panel shows two unit cells of the high temperature crystallographic structure, each containing 2 vanadium and 4 oxygen atoms. In this phase, the atoms arrange in a rutile habit, i.e. the V atoms, forming a tetragonal lattice, are surrounded by O-octahedra (right). When lowering the temperature below T C , the vanadium atoms dimerise and the dimers tilt away from the rutile c r -axis (left). The oxygen octahedra are only slightly disturbed, while the vanadium atoms move by a larger amount. This structural change constitutes a lowering of symmetry and an effective doubling of the unit cell (the monoclinic unit cell contains 4 vanadium and 8 oxygen atoms). The volume changes by approx. 0.045 % [11] .
Beyond direct probes of the lattice structure of VO 2 by diffraction techniques, both phases exhibit a distinct response in Raman spectroscopy: The insulating monoclinic phase (space group: P2 1 /c, No. 14) [12] has 18 Raman active phonon modes (at the Γ point), as shown in [13, 14] . In contrast, the rutile phase (space group: P4 2 /mnm, No. 136) exhibits only 4 Raman active modes, detected as very broad peaks by Raman spectroscopy [13] .
Remarkably, at about the same T C , the conductivity of VO 2 changes by up to five orders of magnitude [15] , marking a metal-to-insulator transition. The phase transitions in VO 2 are of first order due to the existence of latent heat and a diverging heat capacity [15] . Considering the atomic orbitals of V 4+ and O 2− ions and the respective crystallographic structure, Goodenough gave a first description of the electronic structure in both phases [16] . As the central V atom sits inside an O-octahedron in the rutile phase, the 5 V-3d orbitals are split by the octahedral crystal field into the usual e g and t 2g manifolds occupied by one electron 1 . Degeneracy of the t 2g manifold is lifted further and the d x 2 −y 2 orbital is split off at lower energies and named d 2 , while the remaining t 2g orbitals are termed π * . In the rutile phase, both bands overlap with the Fermi energy as depicted in Fig. 1 (right) . This is different in the monoclinic phase where the displacement of the V-atoms and their pairing along the rutile c-axis leads to a splitting of the d band and a shift of π * to higher energies, as displayed in the left panel. Goodenough assumed that this splitting due to the structural distortion is sufficient to open up a band gap [16] .
In contrast, Mott argued that, for a quantitatively correct description, electronic correlations have to be considered [17] . The Mott-Hubbard insulator model predicts a band gap between lower (occupied) and upper (empty) Hubbard band of size E G , which depends on the bandwidths of the two Hubbard bands and the intra-atomic correlation energy U, which results from Coulomb repulsion [18] . According to Mott, the displacement of the V-atoms in the monoclinic phase only decreases the bandwidth of the d-bands. This narrowing makes the system susceptible to a discontinuous Mott transition. To clarify which of those two models, if either, yields an appropriate description of VO 2 , many theoretical and experimental studies were performed, one of which even explicitely asked "VO 2 : Peierls or MottHubbard?" in its title [19] . For a long time, an explanation for both phases of VO 2 could not be provided by a single theoretical framework. Ab initio molecular dynamics (MD) simulations based on density functional theory (DFT) in the local-density approximation (LDA) did yield correct crystallographic structures, but no electronic band gap in the monoclinic phase, even though the electronic structure (band overlap) around the Fermi energy is significantly altered [19] . The opposite failure, an insulating rutile and insulating monoclinic ground state was found when using DFT in the spin-polarised local-density approximation (LSDA) [20] . Choosing the 'right' hybrid functional (Heyd, Scuseria and Ernzerhof (HSE), including the exact electron-electron interaction to some extent) results in the correct insulating monoclinic and metallic rutile electronic structures [21] , but concerns were raised that similar problems occur when including spin polarisation [22] [23] [24] : The rutile ground state becomes insulating and the monoclinic one magnetic.
With the improvements of theoretical methods and models, more consistent results were achieved recently: Simplified model GW calculations 3 yield the correct electronic structure for both crystallographic phases [26] . Also, cluster dynamical mean field theory (DMFT) plus DFT+LDA including a parameter U (constant for both phases) yields the right electronic structure in rutile and monoclinic phase [27] . Finally, DFT-LDA plus a self-consistent GW correction on the COHSEX (Coulomb hole and statically screened exchange) level plus a one-step, perturbative G 0 W 0 calculation 4 also successfully describes both phases of VO 2 [28, 29] . Recent calculations yield band gaps between 0.55 and 0.65 eV of monoclinic VO 2 and a plasma frequencies ω P between 1.5 and 2.9 eV [27] [28] [29] [30] [31] . 5 It seems that different theoretical approaches are able to describe the electronic properties of the monoclinic phase correctly when they a) accommodate for non-local electron-electron interaction and screening, but still on a single quasiparticle band-structure level (moderate correlations) and b) use the monoclinic crystallographic structure. To our knowledge, it is widely agreed that strong electron correlation is not a sufficient condition to open an insulating gap in rutile VO 2 or, in other words, the monoclinic structure is necessary to make VO 2 insulating. Disaccord remained, however, until very recently, about the question whether the monoclinic structure also is a sufficient condition to open the insulating gap or if a monoclinic metallic (mM) phase of VO 2 exists. The observation of a mM phase in VO 2 would, thus, unambiguously show that strong electron-electron interaction is necessary to form the insulating state. Strongly simplified, the current controversy boils down to the question of whether the insulator-to-metal transition occurs independent of the crystallographic transition (i.e. with the monoclinic structure preserved) or whether it is a consequence of the latter.
Experimentally, all (equilibrium) phases of VO 2 have been characterized extensively during the last decades. For instance photoemission spectroscopy [32] [33] [34] [35] , Raman spectroscopy [13, 14] and diffraction techniques [9, 10] were used to either characterize the electronic or the crystallographic structure to name a few contributions of the vast amount of studies. In recent years, particular focus lay in the combination of structurally and electronically sensitive techniques or manipulation of the experimental conditions (e.g. pressure/strain) in order to study the relevance of a mM phase of VO 2 during the thermal transition [36] [37] [38] [39] [40] [41] .
The phase transition(s) in VO 2 after optical excitation
Another approach to disentangling lattice and elecronic contributions is to perform time-resolved out-of-equilibrium studies: The material is perturbed by a momentary stimulus and its progression towards equilibrium monitored by various types of techniques. Often, ultrashort laser pulses are used to, for example, access the timescales of electronelectron scattering and nuclear motions: The electric field of the incident photons interacts with the solid and induces a polarization. If photons are absorbed, electrons are redistributed and transiently occupy states that are empty under equilibrium conditions. The photoexcitation, if faster than the half-period of the phonon modes, may thereby also launch coherent lattice vibrations. Both, charge carriers and coherent phonons, will dissipate energy and eventually reach equilibrium with their environment. Importantly, both types of quasiparticles can interact with each other through scattering events with a phase space that is determined by the electronic and phononic band structures. To make matters more complicated, also these band structures may be modified by the photoexcitation, potentially leading to very complex non-equilibrium dynamics. The reason for this is that, in a solid, the electronic bands and crystallographic structure are determined by the interplay of the electrons and ions through the screened Coulomb interaction (CIA). The resulting forces define the potential energy surface and, thus, the (equilibrium) electronic levels and ionic arrangement. Strong photoexcitation can significantly change the screening of the CIA through the creation of quasi-free carriers. The change of screening alters the crystallographic potential of the solid and its electronic structure. Note that, if occuring on screening timescales of the free carriers, such changes to the potential usually happen on a femtosecond timescale [42] [43] [44] [45] , i.e. potentially within the duration of the exciting laser pulse and, in particular, before significant ionic motion occurs. For simplification, processes faster than the time resolution of the respective experiment are termed instantaneous in the following and their dynamics quantitatively discussed where necessary. The close relationship between the mechanisms dicussed above requires a clear disentanglement between the photoinduced charge redistribution, the concurrent lattice potential change and its effect on electronic and crystallographic structure.
Roach and Balberg [3] were the first to present experimental evidence for a photoinduced insulator-to-metal transition in VO 2 after optical excitation with a pulsed laser. In particular, they showed that, after 20 ns, photoexcited VO 2 exhibits a metal-like optical response, i.e. the photoexcitation has changed the dielectric function. These results promised that time-resolved spectroscopy (with improved time resolution) might eventually be able to elucidate the driving mechanism of the electronic phase transition. Fig. 2 illustrates two possible pathways of the photoinduced insulator-to-metal transition in VO 2 . If electron correlations were responsible for the insulating gap, sufficiently strong photoexcitation, which -initially -occurs solely in the electronic system, could instantaneously disturb them by a change of the screened CIA, leading to an immediate collapse of the band gap, i.e. the IMT. In this case, the insulator-to-metal transition (IMT) should be driven by the screening through low-energy intraband transitions in partially occupied bands (typically on femtosecond timescales) followed by ionic motion driving the CPT. If a structural rearrangement or even the crystallographic phase transition (CPT) is required to close the band gap of VO 2 , the IMT will occur on timescales characteristic of ionic motion. If strong correlations in the electronic system are the origin of the insulating band gap, photoexcitation of monoclinic, insulating VO 2 could lead to a sufficiently strong change of the screened Coulomb interaction causing the IMT before significant ionic motion occurs. This is different if the IMT occurs concurrently with structural rearrangement.
Pioneering work was done by Cavalleri et al. who used transient optical reflectivity and transmission with superior time resolution to show a threshold behaviour for the maximum speed in the optical response [46] . They demonstrated that the rise time of the optical signal was not limited by the duration of their broadband laser pulses, but amounted to 80 fs at minimum, even using 15 fs pump pulses. This observation of a structural bottleneck in the optical response was interpreted as a consequence of a lattice-mediated, Peierls-type mechanism. In this picture, the photoexcitation coherently excites a 6 THz phonon that maps the monoclinic onto the rutile crystallographic structure, thereby driving the structural transition. It should be noted that, at the time, it was still unknown that the phonon mode along the V-dimers oscillates at 10 THz and that tilting of the dimers happens at 6 THz [47] . Neither of these modes alone maps the monoclinic onto the rutile structure; they are spectators of the CPT and, at the same time, do not exist in the hightemperature phase. As reflected by the impressive number of experimental follow-up works of different groups, the study by Cavalleri and coworkers motivated researchers to investigate the VO 2 PIPT using time-resolved techniques that are able to selectively probe the lattice and electron dynamics: Optical spectroscopy simply does not purely probe electronic levels, but the whole dielectric function, including, for instance, contributions from the polarizability of the lattice. In addition, the lack of an absolute energy scale makes it very difficult to distinguish between free carriers within the conduction and valence band (of the insulating band structure) due to photoexcitation and a truly metallic response of a system due to a band gap collapse and finite density of states at the Fermi energy.
The group of Leitenstorfer et al. was the first to investigate the structural and electronic phase transition in photoexcited VO 2 simultaneously [8, 48] . They used time-resolved multiterahertz (mTHz) spectroscopy in a frequency window that allowed the observation of the phononic system (P in Fig. 3a) ) in the region of high-energy oxygen cage modes and the even higher lying electronic response (E). By excitation density-dependent measurements, they determined a phase transition threshold at a pump-probe delay of 1 ps for the wavelength-integrated spectra, exposing a non-linearity in the mTHz response for a critical fluence of Φ C = 4.6 mJ/cm 2 . In addition, the authors observed a coherent wave packet motion in the photoexcited state and an ultrafast onset of a metallic response (E) in the THz conductivity without evidence of a structural bottleneck (cf. Fig. 3b ), c) and [49, 50] ). Based on these observations, the dynamics caused by photoexcitation were discussed in a local picture [8, 48] , focussing on the nuclear motion of the vanadium dimers, which had proven to be successful when describing the VO 2 phase transition(s) using cluster extended DMFT [27] . Fig. 3d ) from [48] illustrates how the, initially highly mobile, excited electrons localize in a transient state and are subject to vibrations of the V-V dimer. It was suggested that, during their relaxation, they pass a mobility edge similar to the one introduced by Anderson [51] . As this mobility edge depends on the excitation density, the persistent change of the electronic conductivity for excitation above the critical fluence Φ C was explained by a drop of the mobility edge below the transiently occupied electronic states [8, 48] . Fig. 3f ) and g) translate the above described, dimer-based illustration of the photoinduced processes into a simplified band diagram of the VO 2 solid. While the electrons, for low fluences, rapidly relax to local states that do not contribute to a significantly enhanced THz conductivity, strong photoexcitation leads to carrier densities that are sufficiently large to form an electron-hole plasma. This occurs when the mean distance between the carriers is smaller than their Bohr radius. The so-called Mott density, at which this (de)localization occurs is not an exclusive property of strongly correlated electron systems, but also occurs in "ordinary" semiconductors like GaAs [43, 52] or ZnO [53, 54] . Once the critical fluence is achieved, the delocalized carriers form quasi-Fermi levels in the valence and conduction band (VB and CB, Fig. 3g) ), respectively and can contribute to an enhanced optical conductivity. The increased num-ber of possible low-energy excitations (charge displacements) in the excited state also changes the screening of the CIA and may, therefore, lead to a renormalization of the band gap. At the same time, this free carrier plasma affects the lattice, as it is created by the depopulation of the bonding orbitals by photoexcitation (see [52] and references therein). Note that in polar semiconductors like GaAs and ZnO, polaron formation, i.e. another form of strong charge carrier coupling to the lattice, can also occur [55, 56] .
Figure 3: Probing the PIPT using multiterahertz (mTHz) spectroscopy. a) mTHz spectroscopy monitores the lattice dynamics (P) by resonant probing of the oxygen cage modes and the electronic response (E) at higher frequencies. b) and c) spectrally resolved, photoinduced change of the optical conductivity after below and above threshold pumping, respectively. a-c) adopted from [8] . d) and e) Local view of the photoinduced dynamics in VO 2 , based on schematic energy surfaces as a function of dimer coordinate Q for weak and strong excitation, respectively. Adopted from [48] . f) and g) Schematic translation of d) and e) to a band structure-based perspective.
In order to monitor the CPT in real time, various types of diffraction experiments were performed in a timeresolved scheme. These studies show that the change of the ionic positions happens on multiple timescales from the sub-ps regime, extending to ns and following different steps of atomic rearrangements until the atoms resemble the equilibrium high-temperature structure [6, [57] [58] [59] [60] . Unfortunately, the initial ultrafast timescale (sub-100 fs), which would allow to monitor the onset of the CPT, was not accessible in these studies due to the lack of time resolution. However, in the most recent work by Siwick et al. [6] , significant progress towards a complete understanding of the structural transition was achieved: Using ultrafast electron diffraction (UED) with significantly improved time resolution (160 fs) the group unveiled two threshold fluences that expose an intermediate fluence regime between 2 and 9 mJ/cm 2 where a comparably slow (1.6 ± 0.2 ps) reorganization in the valence charge density of monoclinic VO 2 is suggested, i.e. in the absence of a photoinduced CPT. Above 9 mJ/cm 2 , a non-thermal melting (300 ± 160 fs) of the V-V dimerization is observed that is extrapolated to saturate for the complete probing volume at 43 mJ/cm 2 , i.e. at 4-5 times Φ C [6] . 6 Besides the UED, the authors also present fluence-dependent, time-resolved IR transmittivity data that exhibits a metal-like response for fluences below the CPT threshold fluence, suggesting that the electronic transition can occur independent of the un-pairing of the vanadium dimers.
A transient phase with monoclinic lattice structure exhibiting metallic signatures has also been reported in timeresolved studies by Ref. [37, 39, 40] and statically at high pressure (> 10 GPa) by [38] . Also, very recently, pumpprobe microscopy combined with nanoimaging of VO 2 unveiled a high susceptebility of the transient optical response of VO 2 microcrystals to local variations of doping, defects, or strain [61] . All of these experiments, unfortunately, lack an absolute energy scale, as they are probing the dielectric function of the material optically. Highly excited matter can, as exemplified in Fig. 3g) , show metallic character due to transiently free carriers that contribute to screening. Typical excitation densities for the PIPT on the order of 10% of the vanadium atoms (with one V 3d electron each) lead to estimated 7 frequencies of the non-equilibrium plasma of approximately one third of ω P of the equilibrium rutile metallic phase and, thus, to screening response times below 10 fs. A metal, however, in its simplest definition, is a material that exhibits finite density of states at its equilibrium Fermi energy E F contrary to an excited semiconductor with metallic properties. Enhanced conductivity due to free carriers in VB and CB, as illustrated by the quasi-Fermi levels in Fig. 3g ), is not an unambiguous proof of metallicity. In order to circumvent these difficulties, previous studies used time-resolved photoelectron spectroscopy (PES) to measure the change of the electronic structure of VO 2 with an absolute energy scale [62, 63] . Unfortunately, due to the too low repetition rate (50 Hz) of these experiments, inhibiting the required statistics [62] and the lack of sufficient time resolution (> 150 fs), the dynamics of the IMT were inaccessible [63] .
Despite many investigations focussing on the phase transitions of VO 2 , from which only a fraction was mentioned above, several open questions remain. The sequence of elementary processes during the photoinduced phase transition is still under debate: Is the detour via atomic motion after photoexcitation necessary to reach a metallic phase? Is the 80 fs structural bottleneck in the optical response related to a real IMT caused by ionic rearrangement or is it simply a consequence of a change of the dielectric function due to ionic motion that is not accompanied by actual formation of a Fermi surface at the equilibrium E F ? What is the nature of the transient phase of VO 2 before all components of the system thermalise? Is there a (transient) monoclinic metal? Or, in other words, is ionic motion a necessary condition for the IMT?
This article discusses complementary approaches based on time-resolved photoelectron and coherent phonon spectroscopy in order to shed light onto these questions. As mentioned further above, photoexcitation of a solid can, if sufficiently fast, launch coherent lattice vibrations. The phonon spectrum is determined by the lattice potential and can, thus, be used to probe changes to it in the vicinity of a phase transition [64] . Such changes can be reflected in phonon softening/hardening that result from optically driven changes to the potential curvature [65] [66] [67] [68] [69] [70] or in a vanishing/occurence of modes due to a change of the potential symmetry of the system that can be accompanied by phonon softening towards zero frequency in a second order transition [67] . Time-resolved coherent phonon spectroscopy, thus, enables the investigation of the lattice potential change, which is the cause of the CPT. This study is complemented by time-resolved PES that allows to monitor the electronic structure and carrier dynamics in the region of the VO 2 band gap around the Fermi energy on an absolute energy scale that enables unambigious measurement of the metallicity.
We will first demonstrate using time-resolved PES that the insulating gap of VO 2 collapses quasi-instantaneously, without any lattice-related dynamics modifying the electronic structure at later times (Fig. 4, bottom) . These results will be discussed in the framework of recent first-principles many body pertubation theory calculations from Rubio and coworkers [5] which show that the pure creation of holes at the top valence band are sufficient to destabilize the gap in the monoclinic structure. The transient phase of VO 2 is, directly after photoexcitation, a monoclinic metal. We will then turn to the CPT, starting with a characterization of the (equilibrium) lattice potential of the monoclinic and rutile phase, respectively (Fig. 4 , top) using time-resolved coherent phonon spectroscopy after weak photoexcitation above and below T C . It will then be shown that, in addition to the prompt metallization, strong photoexcitation also leads to an instantaneous loss of the initial monoclinic lattice potential symmetry [4, 7] . Despite this LPC the atoms are, according to recent diffraction experiments, still in their monoclinic positions (Fig. 4, center) [6] . These results give novel insight into the driving mechanism of the PIPT of VO 2 and the properties of the transient phase: An instantaneous metallisation is observed, as a direct consequence of the charge redistribution through photoexcitation. The latter changes the screening of the Coulomb interaction. The photoinduced, transient phase is metallic with the monoclinic real space lattice structure, while the lattice potential is already raised above the monoclinic symmetry. 7 Comparable effective masses are assumed.
Combined with the most recent experimental works of other groups [6, 48, 61, 71] , these findings sketch a comprehensive view of the photoinduced phase transitions in VO 2 when excited above the critical fluence. We, furthermore, discuss the meaning of the different critical fluences determined by different experimental techniques, extracted by the fluence dependency of different observables. It seems highly likely that the critical fluence determined by optical spectroscopy corresponds to an excitation density that is strong enough to launch the LPC, i.e. the initiation of the CPT, which is not necessarily connected to the fluence needed to drive the IMT. In this sense, a transiently metallic state of monoclinic VO 2 could be accessible at low excitation densities, which is not stabilized by a concurrent structural transition and which has a lifetime that is dictated by the timescales of carrier relaxation.
rutile metal temperature Figure 4 : Selected equilibrium and non-equilibrium phases of vanadium dioxide. Weak photoexcitation enables the characterization of the thermal monoclinic and rutile phase, while strong excitation eventually drives VO 2 into its high-temperature phase. The transient phase of VO 2 is metallic and its lattice potential has lost the monoclinic symmetry despite monoclinic ionic positions.
Experimental

VO 2 samples used in this work
Vanadiumoxides exist in many stoichiometries and mixed oxidation states [72] . The VO 2 thin film samples used here were grown in the group of Richard Haglund (Vanderbilt University). For the optical spectroscopy experiments, a 200 nm VO 2 thin film was grown by pulsed laser deposition (PLD) on n-doped Si(100) [73] , resulting in a polycrystalline non-epitaxial film. The sample used for photoelectron spectroscopy (PES) was 45 nm thick, room-temperature-PLD-grown on c-cut sapphire (Al 2 O 3 (0001) surface), leading to a smooth polycrystalline thin film, required for surface-sensitive PES [74, 75] . It was mounted inside the ultra-high vacuum (UHV) chamber in a Tantalum-pocket that provides electrical contact to the VO 2 film, which is necessary to avoid sample charging during the PES experiments. Before each set of photoemission measurements, the sample was, for 30 minutes, annealed at 600 K in an oxygen atmosphere (O 2 pressure of 10 −4 mbar) to generate a clean surface, while maintaining the correct stoichiometry of VO 2 . The surface quality was checked by monitoring charging effects and in situ detection of the characteristic hysteresis loop (see section 3.1) and compared to literature [73, [76] [77] [78] [79] . Fig. 5 exemplarily shows the reflectivity change at 800 nm that exhibits a hysteresis loop with the slightly displaced heating and cooling branches (orange, blue), both showing a significant and consistent change in reflectivity at the phase transition temperature.
2.2. Time-resolved techniques: Optical and photoemission spectroscopy Fig. 6a ) displays the experimental pump-probe scheme, in which both, time-resolved optical and photoemission spectroscopy, were conducted. First, a pump pulse (red) perturbs the sample. It is followed by a second, time-delayed, probe pulse (blue) that subsequently probes the properties of the sample. By variation of the time delay between both The reflectivity of VO 2 shows a typical hysteresis loop when heating and cooling across the phase transition temperature. A sudden drop in reflectivity at 800 nm is observed when crossing the insulator-metal transition.
E vac h = 6.2 eV ν pulses, the evolution of these properties can be measured in real time. The fundamental output (λ = 800 nm, 40 fs) of a commercial regenerative amplifier system (COHERENT RegA) served as the pump, providing a wide range of pulse energies to tune across the phase transition fluence threshold. The direct d − d transitions induced by this photon energy (hν = 1.55 eV) are optically allowed due to the strong hybridization in the system. Depending on the experiment, different probe photon energies were used for spectroscopy: In the optical spectroscopy experiments, fundamental 800 nm or broadband whitelight continuum (WLC) pulses, compressed close to their transform limit [80] , monitored ultrafast changes of the dielectric function of the sample over a wide range of transitions significantly larger than the indirect band gap (0.55 -0.65 eV, see e.g. [28] [29] [30] ) including transitions within the 3d manifold and from the occupied O 2p levels, as illustrated in Fig. 6b ). The reflected probe-light intensity was recorded with a photodiode and lock-in amplifier (single color) or an optical spectrometer (broadband).
In the time-resolved PES experiment, hν = 6.2 eV pulses were generated from the fundamental amplifier output via a two-stage noncollinear SFG process (similar to [81] ) to photoemit electrons from within the band gap region of insulating VO 2 . Fig. 6 c) illustrates this photoemission process. Detection of the photoelectrons using a hemispherical electron energy analyzer (SPECS Phoibos 100) allows the direct determination of the initial state energy, which enables the explicit measurement of the transient changes of the VO 2 band structure after photoexcitation. It should, nevertheless, be noted that time-dependent photoemission studies of VO 2 are notoriously difficult (see also Refs. [62, 63] ): Average heating of the probed sample region by the pump pulses has been reduced by using a comparably low repetition rate of 40 kHz and cooling via the cryostat. However, this effect still set an upper limit to the pump fluence, as strong cooling goes along with another unwanted side effect: The reduced temperature decreases the conductivity of the sample as a whole, making the experiment susceptible to charging-related artifacts that can influence the energetic position of the photoelectron spectra. Vacuum space charge effects, due to a too large amount of photoemitted electrons per laser shot were omitted by choosing sufficiently low fluences for pumping (multiple-photon-photoemission) and probing, further limiting the range of applicable excitation fluences. It was reduced to excitation densities just above the phase transition threshold, as compared to (optical) experiments under ambient conditions. 8 However, as discussed in detail in chapters 3 and 5, the inability to perform experiments over a wide range of fluences in time-resolved PES is not problematic, as this techniques directly measures the electronic structure in the band gap region. The energy of the photoelectron spectrum was routinely referenced to the Fermi edges of the high-temperature metallic phase and of the metallic sample holder. The latter was was in good electrical contact with the sample and its Fermi energy coincided with the one of metallic VO 2 . As the work function of the sample is affected by both, the thermal and the photoinduced transition and reflects an average over the distributions in the polycrystalline samples, its spectral signature, the low energy cut-off of the photoemission spectra, was not used for energy referencing.
Electronic structure and dynamics during the photoinduced insulator-to-metal transition
In order to assess the ultrafast dynamics of the photoinduced electronic transition, we use time-resolved photoemission experiments which provide direct insight into the dynamics of electronic structure and charge carriers. First, the low-and high-temperature phase are characterized in thermodynamic equilibrium (section 3.1): Upon heating of the VO 2 sample, density of states (DOS) appears at the Fermi energy, providing a solid indicator for the insulator-tometal transition. We show that the photoinduced change of photoelectron intensity, 1 ps after optical excitation, i.e. at the time delay at which the PIPT threshold was defined in previous studies, equally follows a Fermi-Dirac distribution function, demonstrating that -at this time delay -VO 2 indeed is metallic (section 3.2). Analysis of the time-resolved data unveils a quasi-instantaneous appearance of density of states at the Fermi energy (in the band gap region of insulating VO 2 ) after strong photoexcitation (section 3.3), before the hot carriers relax on a 200 fs timscale and, in particular, before significant ionic motion has occured. Concordantly, many body pertubation theory calculations from Rubio and coworkers show that pure charge redistribution and recalculation of the band structure in a frozen lattice yields a collapse of the VO 2 band gap and identify the driving mechanism to be the generation of photoholes at the top of the valence band, which significantly changes the screening of the CIA. Fig. 7a ) and b) show energy diagrams that illustrate the photoemission process for an insulator and a metal, respectively. When a metallic sample with work function Φ is investigated using a photon energy hν probe > Φ, the occupied density of states (DOS, orange) is, in a first approximation (neglecting e.g. transition matrix elements and scattering processes), projected from its initial energy to the continuum of final states above the sample vacuum level E vac . The detected photoemission intensity is indicated by the grey curve and exhibits a low energy cut-off (also called secondary edge) at E vac , due to the sample vacuum level and a high energy cut-off (also called Fermi edge) at E FK , because initial states are occupied according to a Fermi-Dirac distribution centered at the Fermi energy E F . The DOS of an insulator (blue in Fig. 7a )) approaches zero above the valence band. In reality, the valence band maximum is often smeared out due to the presence of localized (defect) states in the band gap. If the sample is not too defective, there is no DOS at E F . This means, in contrast to a metal, an insulator does not exhibit a Fermi surface.
Electronic properties during the thermal transition
In the case of VO 2 , photons of hν = 6.2 eV probe weakly bound states (down to ∼ 600 meV below E F ), as the work function is on the order of 5.6 eV. Fig. 7c ) and e) show photoemission spectra of VO 2 upon heating and cooling, respectively. The highlighted spectra for the insulating (blue, 299 K) and metallic (orange, 372 K) phase clearly differ: While, in the low temperature phase, the PE intensity is close to zero at E−E F = 0, the high temperature phase exhibits a high photoemission intensity at this energy. When plotted as a function of temperature (Fig. 7d) ), the spectral weight below the Fermi energy follows a hysteresis centered at 330 K, in agreement with the optical characterization of the sample (not shown, see Ref. [82] ). The thermally induced change due to heating of the sample from 299 K to 372 K, i.e. the difference between the orange and the blue spectrum, is depicted in Fig. 8b ) (green). It clearly resembles the shape of a Fermi-Dirac distribution at 372 K, convoluted with the spectral resolution of 90 meV, plotted in black for comparison. Heating VO 2 above the critical temperature, thus, leads to the formation of additional DOS in the energy 
K
Figure 7: a) and b) illustrate the single-photon photoemission process and resulting photoelectron spectra for metallic and insulating sample (with defects), respectively. Modified from [82] . c) and e) PES spectra of VO 2 using 6.2 eV photons during heating and cooling of the sample between 299 K (blue) and 372 K (orange), respectively. Clearly, metallic DOS builds up in the band gap with increasing temperature. d) Integration of the PE intensity between -0.2 and 0 eV as a function of temperature yields a hysteresis, showing that the experiment is sensitive to the electronic phase transition of VO 2 . Modified from [5] .
region of the band gap of the insulating phase up to the Fermi energy, and the occupation distribution of these states is consistent with Fermi-Dirac statistics. In other words, a Fermi surface is formed. The above analysis shows that the integrated photoemission intensity below the Fermi energy in our experiment is directly sensitive to the thermally driven IMT and, therefore, can be used as a marker for the latter. We would like to emphasize that the occurence of DOS in the gap region, i.e. the developement of a Fermi surface, is -in contrast to the change in reflectivity observed in the optical experiments in section 4 -an unambiguous probe of metallic VO 2 .
Photoinduced changes to the electronic band structure
After the characterisation of the equilibrium insulating and metallic phase of VO 2 using PES, this section focusses on the photoinduced changes to the electronic structure of VO 2 . As a starting point, we analyse the photoinduced change at a time delay τ > 1 ps, as this was used for PIPT threshold determination in previous studies [7, 8, 48] . To quantify the photoinduced changes, averaged photoelectron spectra before time zero and for t > 1 ps 9 after photoexcitation using an incindent fluence of F = 6.7 ± 0.8 mJ/cm −2 , corresponding to an excitation density of 8% of the V atoms, are shown in Fig. 8a ). This fluence lies above the threshold fluence determined optically [7, 83] , but clearly below the saturation fluence as outlined in more detail in section 4.2. 10 This means that only parts of the excited volume are transformed by the photoexcitation (see inset in Fig. 8a) ). We, thus, estimate from previous optical studies at comparable fluences [7, 8, 84] photoinduced changes to the spectral function on the order of a few percent of the thermally induced change.
Comparison of the two spectra before and after photoexcitation shows that neither exhibits the characteristic shape of a Fermi-distribution function, but the onset of the valence band of insulating VO 2 and a secondary electron background created by the pump-light alone (non-zero intensity above the Fermi energy). The photoinduced change, i.e. the difference of the two curves in a), is displayed in Fig. 8b ) (red curve). Its spectral shape compares very well with the thermally induced change (green) introduced above. The amplitude of the photoinduced change is, as expected, 20 times smaller than the one of the thermally induced spectrum. As, in this representation, only the additional, photoinduced photoelectrons in the region of the insulating gap are measured and because their spectral function coincides with what was identified to be metallic VO 2 in the previous section, we conclude that the photoinduced change to the spectral function results from an ultrafast metallisation of parts of the pumped region. Furthermore, it is a direct observation of the photoinduced insulator-to-metal transition in VO 2 . These results verify that -if sufficiently strongly photoexcited -VO 2 is metallic 1 ps after the pump pulse is absorbed. At this time delay, the ions are already on their passage to their new quasi-equilibrium positions [6, 57] . The observation of metallic VO 2 at this time delay, thus, does not carry any information about whether or not this metallization is a consequence of ionic motion or if the photoinduced disturbance of the electronic system would be sufficient to drive the IMT between 0 and 1 ps.
The preceding sections provide clear evidence that the performed photoemission experiments are sensitive to both the temperature-and photoinduced insulator-to-metal transition in VO 2 . In both cases, the metallisation manifests itself by additional density of states below the Fermi energy exhibiting the shape of a Fermi-Dirac distribution function. Whether the IMT transition occurs faster or simultaneously with the onset of the CPT can only be assessed by experiments on relevant timescales as discussed in the following.
Ultrafast dynamics during the photinduced electronic transition
If the driving mechanism of the IMT were ionic motion, the characteristic time, at which the gap-closing occurs (τ gap ), should coincide with a timescale that is characteristic of changes of the lattice (τ lattice ), for example the structural bottleneck timescale of 80 fs, reported in [46] (see Section 1.1). If, in contrast, a transient metallic phase is generated due to the disturbance of the electronic system through photoexcitation alone, while the atoms are still in their monoclinic positions, τ gap should be shorter (on screening timescales of the quasi-free carriers) and the gap collapse should, thus, occur faster than the lattice change (τ gap < τ lattice ). Hot electron decay within the band gap energy region would, in both cases, only be observed when the gap is already closed. The thermal rutile (R), metallic phase is only reached after the whole system has thermalised and the ions have moved to their new quasi-equilibrium positions.
A typical time-and energy-resolved PES dataset is shown in Fig. 9a ) in reference to the schematic band structure of insulating VO 2 (on the right, energy axis is to scale). The equilibrium background has been extracted at negative pump-probe delays and subtracted from the data. Therefore, only the pump-induced change in photoemission intensity is displayed. This means that all photoelectrons extracted from this energy region contribute to photoexcited in-gap dynamics. At zero time delay between pump and probe pulse an intensity increase (red) is observed at all energies : a) Photoinduced change of photoemission intensity induced by a F = 6.7 mJ/cm 2 pump pulse, centred at 1.54 eV photon energy, probed by UV (hν = 6.19 eV) light. The signal at delays smaller than -1 ps were used for background subtraction of the uncorrelated signal. The band scheme of insulating VO 2 is shown for energy reference on the right. b) Integration of the time-dependent PE intensity above (purple) and below (green) E F exposes the averaged hot electron and hole dynamics, respectively. Black curves are phenomenological, single exponential fits to the data (see text for details). Modified from [5] .
between -0.4 and 0.6 meV with respect to the Fermi energy. At positive pump-probe delays a photoinduced increase is detected below the Fermi energy, which persists unchanged for at least hundreds of picoseconds (not shown).
The main part of the intensity around time zero is interpreted as two-photon photoemission via virtual intermediate states in the band gap of unswitched, insulating VO 2 , as observed in other systems previously [85, 86] . The region between 400 and 600 meV above the Fermi energy is used to extract the cross correlation of pump and probe pulse. Fitted with a Gaussian function (not shown) it yields a cross correlation width (FWHM) on the order of 90 fs, i.e. an average pulse duration of 61 ± 5 fs (see [82] for details). Integration of the photoinduced change of photoelectron intensity above (purple) and below the Fermi energy (green) yields the transients depicted in Fig. 9b) . A contribution from two-photon photoemission via virtual intermediate states, exhibiting no lifetime, results in a peak at timezero in both traces. These peaks appear asymmetric, as they are superimposed by a decaying intensity. Below E F , the intensity evolves to a persisting increase at positive delays; above E F , this intensity decays to zero.
As discussed in the previous section, the additional PE intensity below the Fermi energy results from metallic patches of VO 2 that have been switched by the optical excitation. The photoinduced PE intensity above the Fermi energy also shows up in the region of the band gap of insulating VO 2 . We, therefore, conclude that it results from photoexcited electrons that decay towards E F in the metallic parts of the sample. A first quantification of the initial fast dynamics can be achieved by fitting single exponential decays to the data (black). The fit function also exhibits a constant offset and a delta function at time zero to account for the two-photon photoemission via virtual states. All contributions are convoluted with the laser pulses' envelope extracted at high energies. The time constants resulting from these fits (τ e = 160 ± 70 fs and τ h = 210 ± 60 fs for the above and below E F transient, respectively) represent mean electron and hole relaxation times, averaged over a limited energy and momentum window arond E F and Γ.
In order to allow carrier relaxation at energies of the insulating band gap (compare energy scheme on the right), it must have collapsed before the dynamics can occur, i.e. faster than 200 fs. Qualitatively, it must occur on timescales comparable or shorter than the pulse duration of 61 fs, as the PE spectra exhibit intensity in the band gap region from time zero on. A quantitative determination of the time needed for the band gap collapse can be achieved by a fit model. Rate equations describing the appearance of DOS and, on top of that, quasiparticle relaxation dynamics turned out to be too complex (inhomogeneous quadratic differential equation with at least one time-dependent coefficient) to yield a robust fit function. Therefore, a phenomenological model is used to quantify the timescales of the observed dynamics. The function R(t) used to describe the PES response upon photoexcitation is:
It consists of an exponential rise with amplitude A 2 and time constant τ 2 , an exponential decay with amplitude A 1 and time constant τ 1 and a constant offset C = A 2 − A 1 that fulfils the initial condition R(0) = 0. The contribution of two-photon photoemission via virtual intermediate states is modelled as an approximate delta-distribution δ(t) with "amplitude" D. The Heaviside function θ(t) ensures zero response before time zero. The response R(t) is convolved with the laser pulses envelope, and the resulting curve is then fitted to the data by a least-mean-squares algorithm. The global fit optimum is reached for τ 1 = 125 ± 74 fs for the decay and τ 2 = 28 ± 19 fs for the rise. As the large error bars already indicate, the fit is not entirely robust when none of the parameters in R(t) is kept constant. The reason is, that for small δτ = τ 2 − τ 1 the parameters, especially the two amplitudes, are not independent anymore. To achieve an upper limit for the rise time, a trial and error method was used: The fit was performed while the rise time constant τ 2 was fixed at various values between 10 and 100 fs. An exemplary dataset and fit results for various τ 2 are shown in Fig. 10 . As the τ 2 is increased above 60 fs, a secondary shoulder at 250 fs pump-probe delay develops that, even visually, deviates from the data. To quantify the quality of the fit, the variable χ 2 , which follows the total deviation between data and fit, is displayed in the inset. The small value of χ 2 between τ 2 = 10 and 60 fs indicates optimal fitting in this range. The significant increase of χ 2 above τ 2 = 60 fs quantifies the decrease in fit quality already observed visually as the shoulder appearing in the fit results. It is, therefore, concluded that the rise time constant τ 2 of the employed empirical mode cannot be larger than 60 fs. A clear global optimum is not observed, as the fitting is comparably good for all τ 2 < 60 fs. This means that in this simplified model, a rise of intensity, interconnected to the creation of DOS, has to happen with a time constant of 60 fs or faster. The phase transition to the transient metallic phase happens, thus, on a timescale on the order of or faster than the time resolution of the experiment.
A bottleneck behaviour [46] is not observed within the temporal resolution of this experiment. The transition from monoclinic insulating VO 2 to a highly excited transient metallic state occurs quasi-instantaneously with the exciting laser pulse and is most likely not mediated by the crystal lattice. The observation of such a fast band gap collapse is a very strong indication for an electronically driven process. If a finite rise time of the DOS build-up in the gap exists, it could, on the one hand, result from the screening timescale of quasi-free, photoexcited carriers in VO 2 or, on the other hand, also be entirely explained by a response that is delayed with respect to the driving laser pulse due to a coherence/polarisation build-up described correctly only in the framework of optical Bloch equations.
11 This delay would be an effect of electronic population only [87, 88] . Both of electronic origin, these processes strongly suggest an electronic mechanism for the IMT. This finding of a quasi-instantaneous band gap collapse does not only strongly imply an IMT in VO 2 before significant ionic motion has occured. It also opens up new directions for the theoretical treatment of the electronic phase transition, as the experimental results show that it occurs when the ions are still in their monoclinic positions and a frozen lattice approach can be used.
Band structure calculation of photoexcited monoclinic VO 2 . Theoretical investigations of VO 2 and its phase transition(s) were only recently able to reproduce a band gap in the equilibrium low-temperature monoclinic phase [21, 27, 29] . Rubio's group 12 calculated the monoclinic ground state used as a starting point for photoexcitation by a first-principles Greens functions approach (the self energy Σ is calculated in the GW approximation, where G is the single particle Green's function and W the screened Coulomb potential) in combination with DFT calculations [5] . 13 The resulting electronic band structure of monoclinic VO 2 exhibits an indirect band gap of 0.65 eV, close the experimental value of 0.6 eV [33] (not shown). It is important to note that when self-consistency is obtained on the COHSEX level as done here, screening is considered in a static approximation, leading to the correct opening of a band gap in these calculations. Fig. 11a ) shows the calculated DOS of monoclinic VO 2 (blue).
14 In order to "simulate" the experimental situation after photoexcitation and to calculate the electronic structure of the transient phase, electrons from the valence band were transfered to the conduction band of the ground state, i.e. redistributed leading to an occupation of different orbitals. The band structure is then recalculated in the framework of the GW approximation. The photoexcitation is mimicked by modifications of the occupations similar to the experimental conditions, using an "excitation density" of 7.5% of the 3d electrons in the vanadium atoms [5, 82] . In the calculation, the occupation numbers are reduced for occupied and increased for unoccupied states by the same amount (i.e. generating an equal amount of electrons and holes). This occupation change affects the screened Coulomb interaction W, and, thus, the band structure is recalculated using this modified W due to the presence of quasi-free carriers. The resulting DOS of the excited state (red) exhibits an extraordinarily large band gap renormalization; both, valence and conduction band shift by almost half an eV towards each other and, thereby, lead to a collapse of the band gap. While band gap renormalizations due to free-carrier doping are well-known also in "ordinary" semiconductors [52, [89] [90] [91] [92] [93] , it usually leads to a moderate narrowing of the gap (which can be enhanced if structural modification is involved, see for instance [52] ) and never resulted in a complete collapse. Fig. 11b ) compares the experimental and theoretical results. To do so, the calculated DOS is multiplied by a Fermi-Dirac distribution function at T = 300 K. The qualitative agreement of measured data and calculations is very good. Deviations can be explained by the fact that the experiment might very well not integrate over all k-space, in contrast to the calculated DOS. 15 To gain additional insights into the microscopic origin of the band gap collapse, different occupation distributions (with the same number of total electron-hole-pairs) are used and the results are compared in Ref. [5] . In particular, Rubio et al. calculated the electronic band structure of monoclinic VO 2 when only doping holes to the top of the valence band, neglecting electron doping to the conduction band. 16 The resulting DOS is depicted in Fig. 11a ) (shaded area), exposing a weaker renormalization, but persistent band gap collapse. It should be noted that pure electron doping also leads to a renormalization of the band gap, however, by far not as strong as hole doping and insufficient to make VO 2 metallic at these excitation densities (see [5] ). This shows that the creation of holes in the localised states at the top of the VB (corresponding to the bonding orbitals of the V-dimers along the monoclinic c-axis) is the main driving mechanism leading to the dramatic band gap renormalization, as suggested previously 11 Optical Bloch equations were omitted when modelling the temporal response, because the dephasing times are not known. 12 The presented results have been obtained in close collaboration with Angel Rubio, Lede Xian, Pierluigi Cudazzo (Universidad del País Vasco, San Sébastian ), and Matteo Gatti (École Polytechnique, Palaiseau). See Ref. [5] for details. 13 The monoclinic crystal structure was calculated using DFT+LDA. After that, 27 iterations of self-consistent COHSEX (a static approximation to GW) plus 9 iterations of perturbative G 0 W 0 calculations are used [28, 29] . Here, the previously calculated eigenvalues and orbitals are recycled and self-energy corrections are evaluated.
14 The monoclinic gap size of 0.77 eV slightly overestimates the experimental value, because the final G 0 W 0 -step has been omitted to reduce computational cost. Nevertheless, qualitatively, the results remain valid. 15 Without scattering processes, only low momenta around the Γ-point are probed with the low photon energies that were used in the experiment. 16 Charge neutrality is preserved by a homogeneous, negatively charged background. [94]. This conclusion provides insight into the microscopic origin of the phase transition: The calculated dielectric functions in Fig. 12a ), for initial insulating (blue) and transient metallic electronic structure (red), exhibit a large change at low energies. It results from the significant change of screening of the CIA that is caused by the creation of holes at the top VB. As these states have a strongly localised character, their depopulation opens up a large amount of new phase space for low-energy excitations, as intraband transitions are suddenly possible.
3.4. Summary: Instantaneous band gap collapse in photoexcited VO 2 Fig. 12b) gives an overview of the results from the time-resolved PE experiments and the many body pertubation theory calculations. The initial step, the photoexcitation, promotes electrons (grey circles) from the VB to the CB (1). Both, excited electrons and holes, provide the possibility of new intraband transitions, however -due to the higher joint density of states in the top VB states that are originating from the V-V dimer orbitals [5, 29] -the low-energy excitations caused by the photoholes dominate the subsequent band gap renormalization. The change of the screening of the CIA through the free carriers sets the timescale for the band gap collapse (2), which occurs, according to the experiment, faster than 60 fs. This is in good agreement with the timescales estimated from the plasmon energy of the equilibrium metallic phase discussed in section 1.1 and with plasma screening timescales in the literature [42] [43] [44] . From the calculated zero crossing of the real part of the dielectric function of photoexcited VO 2 (cf. Fig. 12a) ), the plasmon energy of the transient phase can be estimated to be 0.45 eV, corresponding to 9.2 fs. 17 . Thus, screening can be considered "instantaneous" on the timescale of the presented experiment. The carrier thermalization dynamics occur on even slower timescales ((3), 200 fs).
These results show that the photoinduced electronic phase transition occurs instantaneously with the photoexcitation, i.e. before significant ionic motion or carrier relaxation takes place. In particular, this means that a structural bottleneck of 80 fs, as proposed earlier [46] does not hinder the IMT. The observed minimum timescale in the dielectric response, however, may well have its origin in structural dynamics, which are known to occur on multiple timescales and may affect photoinduced changes to the optical response differently at different frequencies. The step-like response observed in the THz conductivity (90-100 meV) by Leitenstorfer and coworkers (Fig. 3 b) , c) and [8, 49, 50] ), on the contrary, agrees well with the observation of an instantaneous gap collapse and major change of the dielectric function at low energies. The instantaneous band gap collapse, which goes along with the generation of free carriers and which is a consequence of the enhanced screening of the transient phase, however, needs to be discussed in relation to the crystallographic changes induced by photoexcitation that are subject of the following chapter.
The potential energy landscape of VO 2 and optical properties during the PIPT
Here, we focus on the ultrafast changes to the lattice potential induced by strong photoexcitation of monoclinic VO 2 and the resulting optical response. We begin with a characterization of the optical properties during the thermal transition (section 4.1) and investigate the two equilibrium phases after weak pertubation (i.e. without driving the PIPT) using time-resolved broadband optical spectroscopy and find coherent phonon oscillations in the monoclinic phase, which vanish in the metallic rutile phase (section 4.2). Their amplitude can be used as an order parameter for the transition of the lattice potential. We then show that, similar to the IMT dynamics discussed in the previous chapter, strong perturbation abruptly drives the system out of the monoclinic into a transient phase (section 4.3). Due to the structural sensitivity of coherent phonon spectroscopy, we are able to show that the transient phase is not only a metal with a monoclinic ion arrangement, but that it has already lost the monoclinic lattice potential symmetry during the timescales of photoexcitation. Furthermore, it is demonstrated that the time-dependent optical response of the transient phase, despite being metallic, does not resemble the one of the equilibrium, rutile phase before 200 fs have ellapsed, the timescale of carrier relaxation (section 3.3) and V-dimer melting [6] .
Optical properties during the thermal transition
WLC pulses are used to monitor the temperature-dependent changes in reflectivity over the whole visible wavelength range, i.e. significantly larger than the band gap energy. The heating arm of a hysteresis curve is shown in Fig. 13 a) for probe wavelengths between 500 and 700 nm (bottom axis). The reflectivity change is normalised to the reflectivity at 300 K. The left axis displays the sample temperature. Before crossing the transition temperature (T C ), the reflectivity increases slightly with temperature at wavelengths below 600 nm, while -above 600 nm -it stays constant. When crossing T C , the reflectivity drops at all probed wavelengths as illustrated by the lineouts in Fig. 13b ), which are normalised to the signal at 335 K to highlight changes in reflectivity initiated by the phase transition. Fig. 13c) shows the reflectivity change upon crossing T C . The comparison of two horizontal line-outs above (red) and below (blue) the transition temperature demonstrates that the thermally induced change to the reflectivity is strongest for long wavelengths (63 % at 700 nm) and decreases linearly with decreasing wavelength (< 10 % at 580 nm). This behaviour can be rationalized by the VO 2 band structure changes during the transition (Fig. 13d) ): Long wavelengths probe transitions between the V 3d bands, which change strongly during the phase transition. The shorter the wavelength, however, the stronger the influence of transitions from O 2p to V 3d states, which are less affected by the change in band-structure in the vicinity of the Fermi energy [96] .
Transient optical response in the low-and high-temperature phase after weak excitation
We use laser pulses centred at 800 nm to excite insulating VO 2 above its band gap. An exemplary trace of the transient change of reflectivity at the same wavelength, measured at room temperature, is shown in Fig. 14a ) for a pump fluence of 1.7 mJ cm −2 , i.e. well below the PIPT threshold. A sudden drop of reflectivity, followed by a slow recovery, is superimposed by beating phonon oscillations. c)
normalized at 300K
Figure 13: a) Temperature-dependent change of reflectivity in VO 2 probed using a WLC between 500 and 700 nm, normalised to measured reflectivity of the insulating phase at 300 K. b) Relative change in reflectivity for selected wavelengths normalised directly below the critical temperature, to only include changes connected to the phase transition. c) Lineouts at indicated positions in a) (red and blue box). d) Sketch of VO 2 band structure change. Modified from [7] . To analyse the coherent phonon oscillation, the incoherent (resulting from, e.g., electronic excitation, thermal effects or incoherent lattice dynamics) part is subtracted. It is determined by an empirical fit of the form
The rising edge, with a width (τ p ) that is determined by the pump pulse duration, was modelled by an error function erf(t/τ p ). A 1 and A 2 are the two amplitudes and τ 1 and τ 2 the decay time constants of the initial recovery of the reflectivity change. Fourier transform (FT) of the remaining coherent part yields the frequency spectrum shown in Fig. 14b ). A fit with four Lorentzian line-shapes results in phonon modes at 4.4, 5.7, 6.7, and 10.2 THz. These eigenfrequencies agree very well with the four strongest Raman active phonon modes of the insulating phase previously measured by Raman spectroscopy [13, 97, 98] . 18 Probing the transient dynamics with broadband WLC pulses instead of 800 nm light extends the amount of retrievable information. Fig. 15a) shows a transient trace with respect to pump-probe delay and probe wavelength. Again, a strong incoherent change of reflectivity after photoexcitation is superimposed by coherent phonon oscillations. The strongest incoherent contribution is observed at long wavelengths, as these are closest to the pumping wavelength of 800 nm where the dielectric function is initially perturbed. Remarkably, the incoherent contribution is close to zero for wavelengths further away from the pump wavelength (i.e. at higher photon energies). Here, only one coherent phonon mode (at 5.7 THz) dominates the spectrum as shown by a detailed analysis of the phonon spectrum over the whole probing range in Ref. [82] . This qualifies especially this wavelength region for studies of the phonon as a marker of the monoclinic phase symmetry during the PIPT of VO 2 upon strong excitation. However, before focusing on the transient phase in section 4.3, we discuss the differences between the transient optical response of the equilibrium, high-and low-temperature phase of VO 2 .
The transient reflectivity change of VO 2 at 400 K probed by WLC pulses is shown in Fig. 15b ). The sign of the reflectivity change is positive at all wavelengths and the overall shape of the transient is very similar to the response probed at 800 nm (not shown, see Ref. [82] ). The peak amplitude as well as the transient background are strongest at long wavelengths and decrease towards shorter wavelengths. Again, the dielectric function is affected most strongly close to the pump wavelength. Clearly, no coherent phonons are observed in the case of metallic VO 2 , which can be substantiated by a detailed analysis of the Fourier transform (FT) of Fig. 15b ) over the whole probing range (not shown, see Ref. [82] ). The coherent phonon amplitudes of the low-temperature phase can, therefore, be used as a marker for the monoclinic phase and as an order parameter for the phase transition of the lattice potential symmetry in VO 2 . Figure 16 : a) Photoinduced reflectivity changes probed by the 525 nm part of the WLC pulses for various excitation fluences (λ pump = 800 nm) below (blue) and above (orange) the phase transition threshold F TH and in the saturation regime (red). To achieve a superior signal to noise ratio as compared to broadband measurements employing an optical spectrometer, lock-in detection was used after filtering the reflected WLC probe at 525 nm (bandwidth: 5 nm), therefore keeping the temporal shape of the WLC pulse intact at the time of probing. b) False colour plot of Fourier transforms of the transients in a) after subtraction of the incoherent background as discussed in section 4.2 and as a function of normalised fluence. Intensities are normalised to the respective pump fluence. c) Fourier transforms for three distinct transients representing the three regimes: below (blue) and above (orange) threshold and in saturation (red). The respective positions are indicated by the coloured arrows in a) and b). Fitting with two Gaussian peaks yields the dotted black curve in c). Adopted from [82] .
The spike-like feature in the optical response of the rutile metallic phase of VO 2 has a decay constant on the order of 20 fs (not shown, see [82] ) and could either result from a critically damped phonon oscillation of the rutile phase or in electronic excitations in the corresponding metallic band structure. As the carrier relaxation time in photoinduced monoclinic metallic (section 3.3) and in photoexcited rutile metallic VO 2 [82] are both on the order of 200 fs, we conclude that the spike cannot be related to carrier relaxation dynamics and is probably related to free carrier screening in the photoexcited high-temperature phase. For instance, the dynamics could result from an overdamped (through the free carrier screening) oscillation of a phonon mode of rutile VO 2 [13] . Independent of the exact origin, the distinct shape and sign of reflectivity change will be used to track the evolution towards the equilibrium metallic phase response after the photoinduced phase transition in section 4.4.
The PIPT threshold
After describing the ultrafast optical response of the two equilibrium phases of VO 2 to weak excitation, the photoinduced phase transition is investigated by gradually increasing the pump-power while staying at room temperature. Here, we focus on the wavelength region around 525 nm, which qualifies for a systematic analysis of the PIPT based on coherent phonons, as the incoherent 'background' part of the transient, seen at longer wavelengths, is comparably low in intensity, while the phonon mode centred at 5.7 THz dominates the phonon spectrum as discussed in the previous section.
The pump-induced transients (λ pump = 800 nm) for various excitation densities are shown in Fig. 16a ). First, similar to previous studies (cf. e.g. Refs. [6, 8, 48, 57] ), the phase transition threshold has been determined at the point where the transient response at 1 ps time delay starts to be non-linear with fluence (cf. Fig. 17a ), green, F TH = 4.9 mJ cm −2 ). Note that, as shown in chapter 3, at this time delay and for above threshold excitation, VO 2 is already metallic, the carriers have relaxed and the electronic structure remains unchanged for hundreds of ps. Each transient was integrated over a window of 190 fs, corresponding to one phonon period, to average out reflectivity changes due to the phonon oscillation. Based on this analysis, the transients in Fig. 16a ) are colour-coded and clearly show that, below threshold (blue curves), coherent phonon oscillations dominate without any significant background intensity. Above threshold (orange), the coherent phonon signatures start vanishing and a long-lived transient background increases with fluence and eventually saturates.
Using the nonlinearity of the reflectivity change at 1 ps time delay (Fig. 17a) , green) is of course an arbitrary choice. Moreover, it does not carry any direct information about the metallicity of the photoexcited VO 2 , as reflectivity changes are not exclusively determined by changes of the electronic band structure and even if they would be, they do not necessarily probe a Fermi surface. However, the transient reflectivity measurements do, indirectly, contain structural information through their sensitivity to the monoclinic phase phonon modes, which can serve as an order parameter for the phase transition of the crystal potential symmetry in VO 2 as shown in the following.
The Fourier transforms (magnitude squared) of the transients in Fig. 16a ) are shown in b) for increasing pump fluences. They are normalised to pump fluence to remove any signatures that depend linearly on excitation density. The threshold determined above is indicated by the white line. Two distinct peaks are observed in the phonon spectrum below F TH , corresponding to the 5.7 and 6.7 THz modes of the insulating, monoclinic phase of VO 2 . When the fluence is increased above threshold, these modes vanish quickly. To illustrate this further, Fig. 16 c) shows three phonon spectra, representative of the three regimes (blue: below threshold, orange: above threshold, red: in saturation). The orange and red curves have been scaled up by a factor of ten and offset for clarity. A fit (two Gaussian peaks) to the phonon spectrum of the transient pumped below threshold yields a strong mode at 5.7 THz and a weaker one at 6.7 THz, in good agreement with the data shown in Fig. 14b) . 19 Also, a slight softening of the 5.7 THz mode is observed before it disappears, which will be quantified further below.
A first quantification of the 5.7 THz phonon mode amplitude is achieved by finding the position of the first trough and the following maximum of the phonon oscillation in a below-threshold transient, as illustrated in Fig. 17b ) and extracting the difference 2A 5 .7THz between both of these two points. The fluence dependence of 2A 5.7THz is shown in Fig. 17a ) and compared to the transient change in reflectivity probed with 525 nm at 1 ps on a logarithmic fluence axis. The phonon amplitude starts to deviate from the expected linear fluence dependence (indicated by the solid line) at the phase transition threshold F TH , following the same trend as the transient reflectivity change and, thus, similarily qualifying as an order parameter for the PIPT.
The gradual decrease of FT intensity close to threshold excitation is due to inhomogeneous probing of a distribution of differently strongly pumped regions because of the absorption profile normal to the surface. Concurrently with the saturation behaviour of the transients in Fig. 16a ), the FTs in panel b) approach zero intensity, indicating homogeneous above threshold pumping of the whole probed area in the high fluence limit. This saturation regime is entered at around 4 − 5 × F TH 20 − 25 mJ cm −2 [82] . In comparison with the thresholds determined by UED of 4.8 × F TH = F sat 43 mJ cm −2 [6] , this saturation fluence is significantly smaller. However, the usual uncertaincies in fluence determination (spot size, absorption/reflection losses due different angles of incidence etc.) can -in combination with different probing volumes of different techniques -easily account for this factor of two. The similar F TH /F sat ratio, on the contrary, strongly suggests that the fluence threshold observed in the optical experiments directly relates to the UED threshold that defines the onset of non-thermal melting of the V-V dimerization within 300 fs [6] .
Detailed fitting of the transients before, during, and after crossing F TH . In order to quantify the dynamics observed in the optical data close to the photoinduced phase transition, a complex fitting model, including the transient background due to electronic excitation and heating, is necessary 20 . Before, during, and after crossing F TH different contributions dominate the dynamics as discussed in the following: As mentioned in section 1.2, if the force exerted on the lattice is small and the phase transition is not driven (below threshold), the lattice dynamics (i.e. coherent phonon oscillations) will modulate the total reflectivity R with a contribution according to the monoclinic phases normal modes:
with the wavelength-dependent amplitude
. The time dependence of the phonon oscillation is therefore independent of wavelength, while its contribution to the reflectivity change is not. The phonon displacement q i (t) of (orange squares). The solid lines correspond to the half-periods of the 5.7 and 6.7 THz phonon modes and the dashed line to the estimated laser pulse duration. Modified from [7, 82] .
the normal modes follows a forced, damped oscillation and is determined by damping constant ξ i , eigenfrequency ω i and generating force F(t). The below-threshold transients probed at 525 nm in Fig. 16a ) provide valuable information about the character of this force, whether it is impulsive, step-like or has some intermediate shape (i.e. a finite time constant τ F ): An impulsive (or quickly decaying) force on the lattice generates a sine-like oscillation around the atomic equilibrium position, while a persistent (displacive) force results in cosine-like oscillations around a new (displaced) position. As there is neither a significant intensity offset (on the order of the phonon amplitude) nor an exponential decay in the equilibrium position around which the phonon oscillates, the data suggests a rather fast decay time constant for the force (i.e. a more impulsive than step-like behaviour). The best fit for all fluences results in a quasi-impulsive force with an exponential decay time of τ F = 50 fs. In addition to the coherent lattice response, carrier dynamics, heating effects, and other incoherent processes lead to incoherent transient reflectivity changes, which are especially prominent when probing with 800 nm [7] . When probing with 525 nm, only a constant offset is needed to describe the incoherent part of the transients:
The rising edge of the pump-induced change is modelled by the sigmoid function Θ(t) = (1 + exp[−(t − T 1/2 )/w]) −1 , which has a width w corresponding to the pump-pulse duration and a delayed-rise parameter T 1/2 .
Above the phase transition threshold, the phonon modes are lost or become overdamped. Therefore, the previous description of the lattice response has to be modified, because eigenfrequency and damping ratio loose their meaning, when the phonon mode amplitude is zero, or are strongly coupled in the case of an overdamped oscillation. The oscillatory contribution ∆R Q (λ, t) is then gradually replaced by:
The overall change of the reflectivity is simply the sum of the contributions discussed above, but, when increasing the fluence and moving through the 3 regimes (below threshold, above threshold and in saturation), different parts of the fitting model have to be switched off and on manually:
The complete fit is then done by least mean square fitting including numerical solution of the differential equation for the coherent phonon oscillations, when ∆R Q (λ, t) is included. A first round of fitting using ∆R Q (λ, t) and ∆R K (λ, t) yielded constant results for the electronic decay time constants τ i , which were, therefore, held fixed for a second run of fits at τ 1 = 250 fs and τ 2 = 1.42 ps to convert random errors (due to fluctuations) to systematic errors and yield more consistent results. Fig. 17b ) shows a transient and its fit for below threshold photoexcitation in blue. The model includes the two strongest phonon modes at 5.7 and 6.7 THz and reproduces the data nearly perfectly. The amplitudes of the two phonon oscillations are displayed in Fig. 17c ) as a function of normalised fluence F/F TH . Both grow linearly with fluence (black lines) up to the threshold fluence, in agreement with the direct extraction of the phonon amplitudes in panel a).
The fluence dependence of the phonon eigenfrequency in Fig. 17d) shows, that the 5.7 THz mode becomes slightly softer towards the photoinduced phase transition; a behaviour, which is not observed when thermally driving the transition [37] . This photoinduced change of the connected force constant, can be assessed as an indication for a stronger coupling of the 5.7 THz mode to the electronic (photo-)excitation than to the thermal driving mechanism. Having A g and B g symmetry (and, thus, being non-polar), none of the coherent phonons modes observed must be renormalized through interaction with the photoexcited plasma as, for instance, in GaAs [42] . As discussed in the introduction, VO 2 is not a true Peierls system, where one mode maps one structure onto the other, thus leading to a phonon mode softening close to the transition until it vanishes. The 5.7 THz mode (tiliting of the dimers) can be considered to be a spectator mode of the transition that vanishes above threshold, because the lattice potential symmetry is reduced as shown further below.
The increase of its frequency back to the initial value, when pumping above the threshold fluence could be an artifact, due to inhomogeneously exciting the VO 2 thin-film sample: The reflectivity drops in the immediate surface region, where pump-light is absorbed most, because the material is driven across the phase transition. Hence, the backside of the film, which is still in the insulating phase, is probed to a larger extent. Therefore, the phonon is probed more prominently at the backside of the film, where its frequency has not gone soft.
For fitting the transition region just above threshold, all components of the fitting model have to be "switched on", as a distribution of regions where the fluence is below and above the threshold fluence is probed and residual oscillations are visible in the transients. When the oscillations clearly vanish, ∆R Q (λ, t) is manually excluded from the fitting model. An exemplary above threshold transient (F = 4.7F TH ) in the saturation regime and the corresponding fit are shown in Fig. 17b) . The fit reproduces the data nicely, and for t > 300 fs there is certainly no oscillatory component at the phonon eigenfrequencies visible above noise level. However, at earlier delays frequency components are observed that would be compatible with the 5.7 and 6.7 THz modes, which could be explained by various scenarios:
• strongly damped phonon within the (so far) unchanged monoclinic lattice potential
• strongly damped phonon of the photoexcited phase similar to the one postulated in [48] • temporal feature of the pump-laser pulse that becomes relevant due to the high excitation intensities
• a high order non-linearity, common in broadband pump-probe measurements [99] At fluences below F TH , the amplitude of the oscillation rises linearly and abruptly drops upon crossing the threshold (Fig. 17a) ). Further increase of the excitation density results in the build-up of the above-mentioned oscillatory component at early delays. Its amplitude increases with increasing excitation density and it is out-of-phase with the oscillations observed in the monoclinic phase for low excitation densities (cf. Fig. 16a) ) and Fig. 17b)) . It, thus, seems improbable that the two oscillations have the same origin. Along similar lines, it will be shown in section 4.4 that, in the transient metallic phase created by above-threshold excitation, it is neither possible to coherently control (i.e. suppress or enhance) the high-fluence oscillatory component at early delays by a second, time-delayed pump pulse nor to excite any other coherent contribution to the transient reflectivity. It seems likely that the high-fluence oscillatory component at early delays results from either a phonon characteristic of the transient phase or from a non-linear effect connected to pump and/or probe pulse. Taking into account the similarity to the oscillation before time zero and the inability to coherently control the signal (cf. section 4.4), the latter seems to be the more likely explanation.
In any case it is very clear already from this analysis that at delays later than 300 fs, there is no phonon mode of the monoclinic phase visible anymore. The disappearance of these modes could be caused by a LPC or, simply, by the IMT transition that occurs instaneously with the photoexcitation (chapter 3). In the latter case, the free carriers of the transient phase could either (i) dominate the optical response, making phonon detection difficult as discussed in [100] or (ii) enhance the damping/dephasing of the phonons.
(i) As shown in Fig. 15 , the ratio of coherent and incoherent contributions to the transient reflectivity strongly depends on the probe wavelength and is, at least for VO 2 , most cumbersome when approaching the pump wavelength. In our broadband experiments, the monoclinic modes vanish at all investigated probe wavelengths. Further, the IMT generates only 10-20 times more free carriers than the photoexcitation just below F TH . As the latter do not affect the phonon mode amplitudes below threshold, which increase perfectly linearly below F TH , and as the incoherent background of the transient phase is only a factor of six larger than the maximum oscillation's amplitude (Fig. 16a) ), we believe that the pure build-up of free carrier optical response could not fully overlay the phonon signal. (ii) Above threshold, the incoherent contributions to the change of reflectivity become increasingly dominant as discussed in detail in Ref. [7] and could be interpreted as overdamped phonons of the monoclinic phase. The dependency of time constants τ 1 and τ 2 (cf. Eq. (5)) of the incoherent dynamics on fluence (above threshold) is shown in Fig. 17e ). In the case of an overdamped phonon the time constant should increase with fluence or, for a strictly impulsive excitation force, decrease close to critical damping [82] . Clearly, this is not the case, showing that the two exponential decays do not result from an increasingly overdamped phonon of the monoclinic phase. On the contrary, the final value of time constant τ 1 ∼ 1 ps is on the same order of magnitude as the buildup time of several UED peaks, interpreted as a collective reorganization of the valence charge density, not a structural rearrangement [6] . Furthermore, τ 1 ∼ 200 fs coincides with the hot carrier thermalisation time of the photoinduced-metallic phase measured by time-resolved photoemission (chapter 3), suggesting that it reflects the impact of hot carriers on the dielectric function.
Based on these considerations, we conclude that the vanishing of the monoclinic phonon modes most likely results from a photoinduced change of the lattice potential. This conclusion will be substantiated in the following section by the investigation of the transient response of the photoexcited phases above and below threshold excitation.
A frequently used measure for the timescale of PIPTs is the rise time of the optical response. The fluence dependence of the half-rise position T 1/2 of the sigmoid function (Eqs. (4) and (5)) is displayed in Fig. 17e ) (orange squares). Below saturation, it is similar to the half-periods of the 5.7 and 6.7 THz phonon oscillations (i.e. 88 and 74 fs, indicated by the solid lines) and, thus, on the same order of magnitude as the 'structural bottleneck' timescale reported in [46] and introduced in section 1.1). Such a bottleneck is not observed here upon crossing F TH , as the half-rise position T 1/2 decreases even below the pump pulse duration (i.e. < 40 fs indicated by the dashed line and labeled τ P ) upon increasing the fluence into the saturation regime. This indicates that the non-thermal phase transition out of the equilibrium monoclinic phase can be driven faster than the pump pulses temporal envelope.
From the above analysis, we conclude that the amplitude of a monoclinic phase phonon mode can be used as an order parameter that vanishes (cf. Fig. 16 ) when the system is driven out of the monoclinic phase crystal potential symmetry. In order to elucidate how fast the monoclinic crystal potential symmetry is lost, the next section uses coherent phonon spectroscopy of the transient phase of strongly photoexcited VO 2 .
Dynamics of the photoexcited state
In line with the investigations of the transient response in the equilibrium insulating and metallic phases of VO 2 , presented in section 4.2, the transient response following weak perturbation of the photoexcited state (below threshold) and of the transient phase (above threshold) is investigated in this section. To do so, a three pulse scheme, as depicted in Fig. 18a ) is applied: While the established pump-probe (two-pulse) scheme monitors the transient optical response caused by photoexcitation, the pump-pump-probe scheme allows the investigation of the change of the transient optical response as a function of time after the initial photoexcitation. A first laser pulse P1 is used to excite the system (below or above threshold, depending on its fluence) while a second, time-delayed, low-intensity pump pulse P2 acts as a weak perturbation 21 , triggering dynamics of the photoexcited state. These dynamics are monitored by a probe pulse, with varying time delay with respect to P1 (and P2). This scheme is applied to below and above threshold excitation with P1 to elucidate the nature of the state after photoexcitation. The evaluation focusses on the coherent phonon responses.
When the fluence of P1 is below the threshold, the transient response of the photoexcited insulating phase is probed. Here, as described above, the most prominent dynamic features are modulations of the reflectivity due to oscillations of coherent phonons of the monoclinic symmetry. A coherent phonon, which has been excited by P1 and is less than critically damped, can be coherently controlled by P2. Trivially, it can also be excited again after the first phonon excitation has decayed/dephased. As the coherent phonon oscillation is characteristic for the symmetry of the crystal potential, it can only be excited if this symmetry persists.
For the coherent control experiments, the time delay between P1 and P2 has to be tuned in-and out-of-phase with respect to the 5.7 THz coherent phonon period, which dominates the optical response at a probe wavelength of 525 nm. For this mode, we used a delay between the two exciting pulses P1 and P2 of ∼ 88 fs for out-of-phase (φ = π, 3π, . . . ) and ∼ 175 fs for in-phase (φ = 2π, 4π, . . . ) excitation. The transient responses for a total pump fluence below threshold (F P1 = 4.4 mJ cm −2 , F P2 = 1.7 mJ cm −2 , F P1 + F P1 < F TH ) is summarised in Fig. 18b ) and c) for different P1-P2 delays: The black curve in b) shows the transient reflectivity change due to P1 alone. The delay axis is plotted with respect to the temporal overlap between probe and P1. The coloured arrows indicate the temporal positions for in-and out-of phase excitation with a second pulse P2. The transients after double excitation are colour-coded to match the arrows at the top. They show, that for out-of-phase excitation the phonon amplitude is minimised (blue and yellow thick line), while in-phase excitation yields an amplified phonon amplitude (green thick line).
When subtracting the pure P1 response, the transient P2-induced dynamics in the photoexcited state remain, as shown in Fig. 18c ). The transients look essentially the same as the one excited by a single pump pulse (e.g. P1 only), but shifted in time by the respective P1-P2 delay. The pump-probe response of the below-threshold photoexcited state is therefore exactly the same as the one of the equilibrium monoclinic phase, meaning that the monoclinic symmetry in all cases determines the coherent phonon response.
Ultrafast dynamics in the optical response of the transient phase. The situation is entirely different when driving the photoinduced phase transition by the first pump pulse P1: From the photoemission experiments (section 3.3), it is known that the band gap collapses instantaneously with photoexcitation and that the carriers relax on a 200 fs timescale. It will be shown in the following that monoclinic phase phonons can neither be excited nor coherently controlled anymore, demonstrating that the monoclinic phase symmetry has been lost instantaneously after photoexcitation, i.e. on similar timescales as the insulating gap disappearance. Moreover, the optical response of the transient phase starts to resemble the one of the equilibrium metallic, rutile phase only after 200 fs when the excited carriers have relaxed.
The first excitation by P1 is now done with a fluence above the photoinduced phase transition threshold (F P1 = 10 mJ cm −2 ), while the second pump pulse P2 has a fluence that is still below threshold (F P2 = 3 mJ cm −2 ). This scheme represents a weak perturbation by P2 of the transient phase, created by P1. The transient reflectivity change due to P1 and P2 is separately shown in Fig. 19a ): The below-threshold pump P2 alone (light blue) excites coherent phonon oscillations, as the monoclinic phase symmetry is not lost. The pump pulse P1, on the contrary, has a sufficient fluence to drive the transition; therefore, no coherent phonon oscillations are present (black). Also, further transient reflectivity changes are shown: First exciting with P1 and later, after a P1-P2 delay of 88 (red) and 176 fs (green), weakly perturbing the transient phase excited by P2. The two delays correspond to out-of-phase (π) and in-phase (2π) excitation with respect to the monoclinic phase 5.7 THz phonon mode and are indicated by the arrows. The reflectivity drops further after excitation by the second pump pulse P2 and reaches a similar level around 800 fs after the first excitation by P1. The onset of the additional drop is obviously delayed by the P1-P2 delay, but no phonon oscillation is observed after the second, weak pump pulse P2.
The delay between P1 and P2 is now varied systematically to probe the dynamics of the transient phase at different times after its creation: Transient reflectivity changes initiated by P2 22 are shown in Fig. 19b ) with respect to the arrival of the second pump pulse (P2) for direct comparison. At time zero (corresponding to P2's arrival time) the falling edge, marked with a red arrow and the letter A, looses its steepness with increasing P1-P2 delay. Simultaneously, a peak-like structure, marked with a red arrow and the letter B, starts to develop and increases with increasing P1-P2 delay. To further analyse the evolution of feature B, the transients from b) are displayed in c) with respect to the arrival of the initial pump P1 and offset along the ∆R axis. The regions where the signal becomes positive are marked in red, and in-phase and out-of-phase P1-P2 delays are indicated by the thick lines and the markers (π and 2π). Additionally, on the right hand side of c) the response induced by P2 is shown for a P1-P2 delay of ∼ 5 ps (red curve). It clearly resembles the shape of the pump-induced response of the equilibrium metallic phase at high temperatures, which was already shown in Fig. 15 and is plotted again in Fig. 19c ) (dashed black curve) for comparison.
When both pump pulses arrive shortly after each other, the non-thermal character of the phase transition is enhanced. Increasing the delay between the two excitations, regions in the transient phase are excited by P2 to an increasing extent, leading to a superposition of the response characteristic for the PIPT itself and the response of VO 2 in the transient phase. At none of the delays, P2 excites any coherent signal, showing that the monoclinic lattice potential symmetry has been lost. Instead, it seems highly likely that the positive intensity B evolving with increasing P1-P2 time delay as well as the change of slope (feature A) is related to the build-up of metallic rutile-like optical properties of photoexcited VO 2 .
A quantitative analysis of the appearance of the peak-like (i.e. equilibrium metallic phase-like) response with respect to the P1-P2 delay is shown in Fig. 19d) : Here, the positive sign of the transient change of reflectivity (as opposed to the negative sign of all other optical resonses) is used as a marker for the appearance of a response that is similar to the one in the equilibrium metallic phase. Integration of the transients in c) over a 50 fs window, centred around the arrival time of P2, yields the peak response of feature B as a function of P1-P2 delay in Fig. 19d ) (green curve). The integrated intensity is first negative and starts to become positive at a P1-P2 delay time of 160 fs. An additional integration window of 100 fs width (red curve) centred around the arrival time of P2 was used to show the robustness of this analysis. 23 The two integration windows generate very similar curves (red and green), but the P1-P2 delay at which the sign change is observed is larger for the larger integration window (red curve). This can be rationalized by considering that the probe pulse monitores a superposition of P1 and P2 induced changes [82] . The average value of the sign change from this analysis is 190 ± 30 fs and is, thus, on the same order of magnitude as the mean hot electron/hole relaxation times in the transient phase (section 3.3) and the non-thermal melting of the V-dimers observed by UED (300 fs) [6] , suggesting that either or both of these processes are necessary conditions for an optical response of photoexcited VO 2 as in its equilibrium metallic rutile phase. As discussed in section 4.2, the short-lived spike in the optical response of the high-temperature phase could result from an overdamped phonon in this structure; it seems reasonable that both, dimer melting and free carrier relaxation must have occured before such optical signature can be established.
4.5. Summary: Quasi-instantaneous loss of potential symmetry in photoexcited VO 2 The ultrafast dynamics in the optical response of the transient phase after strong photoexcitation are fundamentally different from the ones in the equilibrium monoclinic and rutile phases. Features A and B, shown in Fig. 19 change continuously with P1-P2 delay, in sharp contrast to the observations for the below threshold coherent control experiments where in-and out-of-phase pumping by P2 lead to a coherent control of one of the monoclinic coherent phonon mode amplitudes. This observation confirms that the monoclinic insulating phase of VO 2 is lost on an ultrafast timescale as its symmetry and thereby characteristic underdamped phonon modes have vanished. The lattice potential change occurs on a timescale τ LPC , shorter than the laser pulse that is driving the transition at sufficiently high fluences. Fig. 20 illustrates the conclusions from the above analysis: The potential symmetry and resulting forces on the ions (black and red springs and frequencies ω 1/2 ) of the initial monoclinic phase (blue) is lost immediately, as the insulating band gap, when entering the transient phase (green, higher symmetry lattice potential is illustrated by the dark blue springs). However, the instant vanishing of the monoclinic symmetry of the lattice potential does not imply that the transient phase of VO 2 is equal to its metallic, rutile equilibrium phase (orange). On the contrary, the transient response only slowly starts to resemble that of the equilibrium rutile phase after hundreds of fs: Its shape becomes similar after picoseconds have passed, a time after excitation when the atoms are still far from their rutile atomic positions as shown by previous time-resolved diffraction experiments [6, [57] [58] [59] [60] . This means that initially, right after P1 drives the system out of the monoclinic potential symmetry, and before significant ionic motion has occured (τ CPT τ LPC ), a non-thermal, metallic state far from equilibrium is established. Whether the LPC is a direct consequence of the bonding dimer orbitals or whether it results from the enhanced screening caused by the instantaneous IMT, cannot be deduced from the presented experiments, as these processes occur faster than the available time resolution. However, clearly, the transient metallic state does not exhibit the optical response of the equilibrium metallic rutile phase before the hot carriers have relaxed and the V-dimers have melted, suggesting that at least either process is necessary to establish similar dynamics as in the high-temperature phase.
5. Discussion: A comprehensive picture of the photoinduced, ultrafast phase transitions in VO 2 Fig. 21 summarizes the series of processes occuring during the PIPT of vanadium dioxide. Initially in its lowtemperature equilibrium phase, monoclinic and insulating (left), photoexcitation of VO 2 above a certain critical fluence first leads to a change of population of electronic states, creating a highly non-equilibrium plasma. This signifcantly changes the screening of the Coulomb interaction through, mainly, the depopulation of localized, top-VB states. The resulting band gap renormalization leads to a collapse of the insulating band gap, rendering VO 2 metallic. The non-thermal IMT has occured. At the same time, probably the depopulation of the V-V bonding orbitals leads to a lattice potential change, as the new charge distribution changes the forces that act on the ions. The monoclinic potential symmetry is lost instantaneously with photoexcitation, representing the trigger for the CPT, which evolves over multiple subsequent timescales. The lower symmetry monoclinic phase (blue) is photoexcited. The lattice potential changes its symmetry immediately, i.e. monoclinic phonon modes vanish. Starting at this highly non-equilibrium transient phase (green), the positions of the atoms (red circles), i.e. the actual crystallographic structure, progresses on a much slower timescale τ CPT τ LPC until it stabilises the metallic rutile phase (orange). excitation. The population change created by photoexcitation changes the screening of the CIA leading to the IMT on screening timescales (few fs), i.e. instantaneous with the optical excitation using ∼ 60 fs laser pulses [5] . As the V-V bonding orbitals are depopulated by photoexciation [5] , the LPC is initiated on the same timescales [83] . The resulting transient phase of vanadium dioxide is, at first, a highly excited metal of monoclinic atom arrangement; however, the modified lattice potential drives the ions into new equilibrium conditions. The melting of the V-dimers [6] happens concurrently with the relaxation of excited electrons and holes in the metallic band structure [5] , which is accompanied by energy transfer to the lattice. The fluence threshold of optical experiments is usually determined after these processes have occured. Then, the system evolves quasi-thermally to its high-temperature equilibrium phase, before it relaxes back to its monoclinic insulating state when sufficient heat has been transported away.
CB VB
The initial transient phase is characterized by a metallic band structure and monoclinic atomic arrangement in a non-monoclinic lattice potential, i.e. at the onset of structural rearrangement. At this point in time, VO 2 is in a highly non-equilibrium state and stands at the beginning of a chain of relaxation processes. The electronic system, with its non-thermal carrier distribution, is inclined to thermalize by electron-electron scattering and coupling to phonons. The lattice, in its monoclinic ion arrangement and experiencing forces towards new potenial minima is about to evolve to the rutile structure via a complex pathway and a multitude of ionic motions. Probably the first step of electronic and lattice relaxation occurs concurrently within 200 and 300 fs, respectively: The excited carriers decay towards E F and also the V-dimers melt, destroying the periodic lattice distortion along the VO 2 c-axis [6] . The concurrency of these processes suggests an interconnection between the two, which, however, cannot be unambiguously concluded from the presented results. Only after both processes have happened, the transient optical response of photoexcited VO 2 resembles the one of the high-temperature phase. This strongly suggests that at least one of these processes is necessary condition for the metal-like time-dependent optical properties.
After the carrier thermalization, the electronic structure does not expose any dynamics in the time-resolved PES experiments while the lattice continues to evolve [6, [57] [58] [59] [60] . The excess energy of electrons and holes after photoexcitation has been transferred to the lattice to a large extent, bringing the subsystems into thermal equilibrium. The crystal structure evolves towards the rutile arrangement and, at even later times when heat transport cools the sample down, eventually leads to a restoration of the monoclinic and insulating, low-temperature phase.
The above-discussed dynamics of the PIPT occur only if the initial photoexcitation using 800 nm light is sufficiently strong. Quantification of the required strength is, however, a tidious task and has been approached in multiple ways in the past. Threshold fluences for the occurence of different characteristic processes and observables have been defined on the basis of various experiments, however, due to the complexity of photoinduced phenomena in VO 2 , their comparison needs to be treated with great caution. This difficulty is further complicated by the experimental challenges of accurate fluence determination, different probing volumes of different techniques, and variations between different types of VO 2 samples, which -when conservatively judged -only provides comparability of threshold fluences by order of magnitude. In the following list, we discuss the meaning and comparability of some of the fluence thresholds published in the past on the basis of the picture of the PIPT developed above:
• Ultrafast electron diffraction: The threshold fluences determined in UED experiments [6, 57] are probably the "cleanest" thresholds available, as they are extracted from a direct observable of the CPT, the diffraction signatures of the crystal lattice. They also exhibit a certain sensitivity to charge redistribution through their dependence on the atomic form factors. Furthermore, they provide information on how strong the photoexcitation needs to occur to lead to a particular rearrangement. With F C = 9 mJ/cm 2 for the V-dimer melting and an extrapolated saturation fluence (i.e. the whole probed volume is transformed) of F sat = 43 mJ/cm 2 [6] , these results define a critical excitation density needed to initiate this early step of the CPT.
• Transient optical spectroscopy: The significant number of optical studies on the PIPT provides us with almost an equal number of threshold fluences. For the sake of simplicity and because we are convinced that the absolute values for threshold fluences have only a very limited meaning, we focus here on a discussion of the determination procedure. Historically, F C is determined at a delay of 1 ps after optical excitation. Due to the long lifetime of the optical response, the same values could be extracted at larger delays, e.g. at 3.5 ps as demonstrated in Ref. [82] . Based on the results presented above, it can be concluded that -at 1 ps -all non-thermal processes have occured, as illustrated by Fig. 21 . The non-linearity in the optical response at 1 ps, thus, trivially, only shows that F C is sufficient to launch all processes necessary to cause this non-linearity and that the excited state has a lifetime larger than 1 ps. However, as optical spectroscopy is sensitive to the dielectric function and, therefore, to contributions of lattice and electronic system, this observable is simply not capable of distantangling which of the preceding processes (LPC, CPT, IMT, or carrier relaxation, cf. Fig. 21 ) is responsible for the non-linearity. We emphasize this, as either structural or electronic branch of the PIPT after above-F C excitation may well have a lower fluence threshold that is simply not reflected in the optical experiments. The results presented in this article yield F sat ∼ 4 − 5 × F C , coinciding with the UED ratio. This agreement suggests that both experimental observables, the non-linearity of the optical response at 1 ps and the V-dimer melting, have the same origin.
• Coherent phonon spectroscopy: As shown in section 4.3, the coherent phonons of the monoclinic structure expose the same F C and F sat as the optical response at 1 ps. The coherent phonon dynamics already occur at time delays before 1 ps, again showing that -whatever causes the non-linearity in the optical responsehas its origin in dynamics happening at earlier times. Moreover, the coherent phonons were used to show that the symmetry of the lattice potential is lost instantaneously with photoexciation (section 4.4), and it is highly probable that this LPC is the origin of the subsequent lattice dynamics like the melting of the V-dimers. This view is further supported when considering that hole doping to the V-V bonding orbitals, which is the main driving mechanism of the band gap collapse (see section 3.3), will likely have and impact on the lattice potential. These considerations strongly suggest that, in fact, the critical fluence observed in optical and coherent phonon spectroscopy relates to the excitation density necessary to change the lattice potential symmetry, i.e. causing first the LPC and, consequently, the CPT. This value should probably be, in agreement with previous observations [94] , independent of the pump photon energy (if above gap) and depend on the number of carriers that are being redistributed through photoexcitation. If and how this F C = F CPT C is connected to the concurrent IMT remains unknown. In particular, it is well possible that the IMT already occurs for lower fluences (F IMT C < F CPT C ).
• Time-dependent multiterahertz spectroscopy: When probing the dielectric function at THz frequencies, a similar argumentation as the one for optical spectroscopy holds: Sensitive to the dielectric function, this technique cannot directly disentangle between increased conductivity due to excited carriers and the creation of DOS at a material's equilibrium Fermi level. However, it should be noted that, at these long wavelengths, the transient response is very sensitive to low-energy excitations of (quasi-)free carriers as discussed in section 1.2. These can be subject to other non-linearities like the formation of an electron-hole plasma at excitation densities larger than the Mott limit. 24 In principle, such delocalization of carriers (or even the IMT, as discussed above) could occur also at excitation fluences that are lower than the F CPT C needed to cause the non-linearity of the 1 ps at optical frequencies, i.e. for lower excitation densities than the ones required to drive the loss of monoclinic symmetry.
• Time-resolved photoelectron spectroscopy: Complementary to the above discussed techniques, PES is directly sensitive to the changes of the electronic structure. Thus, theoretically, this technique could provide a fluence threshold for the pure IMT, analogously to the CPT threshold determined by UED. Unfortunately, experimental difficulties significantly limit the range of pump fluences that can be used in photoemission (see also section 2.2). 25 Fortunately, in time-resolved PES, it is not necessary to give evidence for non-linear behaviour in order to demonstrate that the IMT has occured; the bare observation of photoinduced DOS in the insulating band gap is sufficient proof. Yet, further studies at lower excitation densities, preferrably with even higher time resolution and on single crystal surfaces would be highly desirable for an unambiguous determination of the critical fluence of the IMT.
The above results and discussion provide strong evidence for a similar cause of the critical fluences determined by UED, optical, and coherent phonon spectroscopy. Given the structural origin of the dynamics probed by coherent phonon spectroscopy and UED, which are sensitive to the photoinduced LPC and CPT, respectively, it seems highly probable that the non-linearity of the optical response 1 ps after photoexcitation, which is used to determine the critical fluence in optical experiments, has the same source and, thus, is a consequence of the LPC followed by the CPT. We are convinced that, from the currently available data, it is impossible to decide if the electronic branch of of the PIPT (bottom of Fig. 21 ) requires the same excitation density or not. In particular, it is well possible that the IMT can be launched using lower fluences F IMT C < F < F CPT C , i.e. without initiating the chain of structural processes. For example time-resolved PES experiments at excitation densities clearly below F CPT C could elucidate if a band gap collapse can be observed in the absence of the structural transition. However, already today the low fluence threshold in mTHz 24 The Mott limit is defined as the excitation density at which the Bohr radii of electrons and holes start overlapping and many body phenomena start dominating the dynamics. 25 Reduced heat transport due to the required UHV conditions sets an upper limit to the tolerable energy deposition in high repetition rate experiments that can only partially be compensated by sample cooling, as the reduced temperature outside of the laser spot reduces the conductivity and leads to charging through the photoemission process. Also, multiphoton-photoemission through the pump photons increases non-linearly with rising excitation density. Finally, low fluence investigations are, even at high repetition rates (40 kHz) hardly realizable due to the small signal-to-background ratio. Figure 22 : Possible scenario for a non-thermal insulator-to-metal transition in VO 2 and back relaxation on ultrafast timescales for optical excitation below the critical fluence of the structural phase transition. The population change modifies the screening of the CIA, leading to a band gap collapse on screening timescales. In the absencence of stabilization of the transient phase through structural reorganization, the insulating band gap will open when the excited carriers relax to their ground state energy levels.
spectroscopy [8, 48] as well as the second threshold fluence in UED experiments [6] (see section 1.2 for an overview) point at complex dynamics below F CPT C . Fig. 22 illustrates the case of a fully independent IMT for fluences below F CPT C . For example, no concurrent dimer-melting would accompany the carrier relaxation in the metallic band structure. This means that the metallicity of the transient phase could not be stabilized by the structural dynamics. Electrons and holes would recombine and restore the ground state population of VB orbitals and, as the vanadium atoms remain paired, this recombination would reduce the screening of the CIA and re-establish its original strength. This would lead to a reopening of the gap. The transiently metallic state would decay on ultrafast timescales determined by the electron-hole recombination and not, as for F > F CPT C excitation, on timescales dictated by heat transport. The observation of such a short-lived, transiently metallic state of monoclinic VO 2 would be the unambiguous proof of a purely electronic origin of the IMT.
Summary and conclusions
In summary, we have shown that the population change of electronic levels and resulting highly non-equilibrium plasma caused by above-threshold photexcitation of monoclinic, insulating VO 2 stands at the very beginning of both, a structural and an electronic phase transition. On the one hand, it is the origin of a significant change of the screening of the CIA that instantaneously leads to a collapse of the band gap, which is followed by the relaxation of highly excited carriers on a 200 fs timescale. On the other hand, probably the emptying of bonding orbitals of the V-dimers that are characteristic of the monoclinic phase results in an instantaneous lattice potential change that stands at the beginning of the CPT.
Based on the results discussed, we conclude that photoexcitation of VO 2 above a threshold fluence F CPT C leads to a charge redistribution that changes (i) the screening of the CIA sufficiently strong to drive the IMT and (ii) the lattice potential symmetry, which is the origin of the CPT occuring on longer timescales (cf. Fig. 21 ). This, first of all and maybe trivially, means that a purely electronic process lies at the heart of both PIPTs in VO 2 when excited by 800 nm laser pulses. It also shows that the "detour" via a lattice rearrangement is not necessary to reach a metallic phase. The transient phase is, initially, a crystallographic monoclinic metal and ionic motion not a necessary condition for the IMT. The fact that the IMT is caused by charge redistribution is also fully consistent with most recent results on THz-pumping of VO 2 [71] , which showed that the strong electric field of the incident pump pulse perturbs the potential energy landscape such that electrons tunnel from top VB states to normally unoccupied ones. The purely electronic origin of the PIPTs of course does not mean that the lattice does not respond or only responds thermally to the photoexcitation. It is very likely that the lattice plays an important role in stabilising the metallic phase established on screening timescales. This could either occur by non-thermal melting of the V-dimers or due to the increased temperature after thermalisation of the electronic subsystem with the lattice.
From our point of view, the provocative, simplifying question of Wentzcovitch et al. from 1992 "VO 2 : Peierls or Mott-Hubbard?" [19] should, based on the findings of recent ultrafast studies, be replaced and refined: Sufficiently strong optical excitation launches two branches of dynamics, (i) a structural one, which begins with a an instantaneous lattice potential change followed by the actual ionic motion, and (ii) an electronic one, which starts with an instantaneous insulator-to-metal transition followed by charge carrier relaxation. The early steps of both pathways occur concurrently. The initiation is, in both cases, the photoinduced change of population of the electronic levels in the band gap region, i.e. a purely electronic process. If an electronic process is the origin of the structural branch of the PIPT, what do we consider to be the beginning of the structural dynamics? The lattice potential change or the beginning of ionic motion through the non-thermal melting of the V-dimers? Would an electronic transition that is caused by structural dynamics be determined by the timescales of the LPC or of ionic motion? -An unambiguous proof of fully independent IMT could, thus, be provided by future experiments with enhanced time resolution providing insight into the dynamics of LPC and IMT on screening timescales. Alternatively, the observation of an insulator-to-metal transition at excitation densities not sufficient to cause the LPC in the first place could serve the same purpose. We conclude that the frequently applied ultrafast approach to disentangle electronic and structural phenomena in the time domain has to be treated with great caution, as structural phenomena may well have their origin in processes ocurring on electronic timescales.
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